Abstract-Several amino acids, particularly [3H]proline and [3H]asparagine specifically and efficiently labelled rapidly transported proteins in the goldfish optic nerve and tectum after intraocular injection. Studies with these amino acids showed that the rapidly transported proteins moved as a discrete band at a rate which was temperaturedependent, and was equal to 70-100 mm per day at 20°C. Transported protein in the optic tectum was 80 per cent particulate and was found in synaptosomal, mitochondrial, and myelin fractions, but not in purified nuclei or ribosomes.
STUDIES on various mammalian and sub-mammalian species have demonstrated that
protein is transported in axons at rates ranging from less than 1 mm per day to several hundred mm per day (LUBINSKA, 1964; WEISS, 1967; KARLSON and SJOSTRAND, 1968; LASEK, 1968 ; LIVETT, G E F F E N~~~A U S T I N , 1968; OCHS and JOHNSON, Blisnuw, 1969) . Protein is reportedly transported in the optic nerve of the goldfish with at least two discrete rates, about 40 mm per day and 0.4 mm per day (MCEWEN and GRAF- STEIN, 1968) . The rapidly transported protein was detected after injection of ['HIleucine into one eye by observing that within 6-12 h the radioactivity in the protein of the contralateral optic tectum was approximately double that of the ipsilateral optic tectum. Since free leucine apparently does not traverse the optic nerve, the excess of label in the contralateral tectum was presumably in protein transported from retinal ganglion cells in the injected eye to their corresponding nerve endings in the tectum. In the goldfish, the optic tracts are completely crossed and the tectum is a well-defined and easily removable brain area. These factors facilitate the study of transported protein in the nerve ending region. A complicating factor in such experiments is the high background labelling, as represented by the labelled non-transported protein in the ipsilateral tectum. This complication means that all calculations of transported radioactivity require the subtraction of one large number (ipsilateral radioactivity) from another large number (contralateral radioactivity). In the present study this complication was largely overcome by the use of amino acids which favourably label the transported protein, Studies on the kinetics of transport and subcellular distribution of protein labelled in this manner are presented.
METHODS
Fish storage undinjecrions. Goldfish (Curussius uurutus), 6-7 cm in body length, were obtained and stored as described previously KIM and AGRANOFF, 1969). Unless otherwise noted, fish-tank temperatures ranged from 18 to 23°C. In controlled temperature experiments the fish tanks were suspended GB-5125X of the National Science Foundation.
of Mental Health.
in a constant temperature water bath. Tritiated amino acids were obtained from Schwarz Bioresearch (Orangeburg, N.Y.) and New England Nuclear Corp. (Boston, Mass.) . Glycine and glutamic acid were adjusted from 20 to 6.5 Ci/mmol by addition of unlabelled amino acid. Other amino acids were adjusted to appropriate concentrations by dilution with distilled water or by evaporation to dryness under nitrogen and resuspension in distilled water. Intraocular injections in a volume of 5 pl were made into the posterior chamber of the right eye using a 50-pi syringe fitted with a polyethylene sleeve.
Homogenization and sirbcellular fractionation. At designated times the brains were removed and the tecta were dissected out. In some experiments the optic nerve between the base of the eye and the optic chiasm was also removed. Homogenates (lo%, w/v) of one to five tectal hemispheres or nerve sections were made in 0.25 M-sucrose using a glass-to-glass homogenizer. For preparation of subcellular fractions, 20-40 pooled tecta were disrupted in 9 vol. of 0.25 M-sucrose with a motor-driven Teflon-to-glass homogenizer. These homogenates were subfractionated into 'nuclear', 'mitochondrial', 'microsomal' and 'soluble' fractions by consecutive centrifugations of 750,11,500 and 100,000 g for 10, 20 and 60 min, respectively. The crude mitochondrial fraction was further subdivided into myelin, synaptosomal and purified mitochondrial subfractions ona discontinuous gradient as described by VON HUNGEN, MAHLER and MOORE (1968) . The gradient consisted of the following sucrose layers: 10 ml of 1.2 M-, 5 m l of 1.1 M-and 5 ml of 0.8 M-sucrose, all in 1 mmtris-HCI buffer (pH 7.4). Centrifugation was for 2 h at 25,000 rev./min (53,000 gav.) in a SW-25 rotor. Nuclei were further purified by adjusting the crude nuclear fraction to 1 mM with respect to potassium phosphate buffer (pH 6.5) and 2 nm with respect to CaC12, and centrifuging through 2 M-sucrose in a SW-40 rotor at 22,500 rev./min (65,000 g) for 1 h (CASOLA and AGRANOFF, 1968). Ribosomes were isolated by suspending the microsomal pellet in a solution of 50 mM-tris-HC1 buffer (pH 7.4), 5 m-MgCl,, 25 mM-KCl and 250 m~ RNase-free sucrose. The mixture was treated at 4°C with 03 % (w/v) deoxycholate for 15 min and the lysate centrifuged at 37,000 rev./min (170,000 g, S W 4 rotor) for 90 min on a 15-40 % (w/v) continuous sucrose gradient containing tris, MgCI2 and KCl as above.
Measurement of radioactivity. Protein from homogenates or subcellular fractions was prepared for counting by a modification of the filter paper method of MANS and NOVELLI (1961). Suspensions (01-0-2 ml) were applied to discs of diameter 4.25 cm of Whatman No 2 filter paper suspended over a wooden board by tripods of small nails, and dried at room temperature. From 2 to 30 of the dried discs were placed in a beaker containing 10 ml of cold 10% (w/v) TCA per disc. When TCA-soluble counts from individual samples were desired, each disc was added to an individual 100-mI beaker containing lOml of 10% TCA. After precipitation with the cold TCA, the samples were treated successively with similar volumes of 10% (w/v) TCA at 80°C for 30 min, 95 % (v/v) ethanol, absolute ethanol, and twice with ether. The discs were air dried, cut into eight pieces and placed in counting vials. Hyamine (1 ml) was added and the vials were heated at 80°C for 2 min. Protein was counted in 10 ml of scintillant containing 4 g of 2. (BRENNER, NIEDERWIESER and PATAKI, 1969) . Unlabelled amino acids were cochromatographed as markers. Spots were visualized by ninhydrin, scraped into scintillation vials, and radioactive material was released by treatment with 0.5 ml of 0 1 M-HCI for 4 h. Toluene scintillant (12 ml) containing 17% (v/v) BBS-3 was added for counting.
Chemical andenzymic assuys. RNA and DNA were extracted by alkaline hydrolysis and treatment with hot perchloric acid as described by CASOLA, Lm, DAVIS and AGRANOFF (1968 Cerebroside in subcellular fractions was measured qualitatively. A portion of the fraction to be examined containing 1 mg of protein was mixed with 3.75 vol. chloroform-methanol (1 :2 v/v) followed by 1.25 vol. of chloroform and 1.25 vol. of 2 M-KCI (BLIGH and DYER, 1959) . The sample was centrifuged and the lower phase aspirated and dried. After suspension in chloroform, the extract was plated on thin layer plates of activated silica-gel G, and chromatographed in parallel with a =re-broside standard in chloroform-methanol-water (65 :25 :4, by vol.) (WAGNER, HORHAMMER and WOLFP, 1961) . Spots were visualized by charring with conc. H2S04.
RESULTS

Studies with [3H][eucine.
Goldfishwereinjectedin theright eye with 15pCi(l-1 nmol) of [3H]leucine and the specific radioactivity of the protein in the left and right optic tecta was determined at various times after injection. Data from three to five individually analysed fish were averaged for each time point (Fig. 1) . Within a few hours after injection the specific radioactivity of the left (contralateral) tectum sign& cantly exceeded that of the right tectum. The difference in left-right labelling was not evident for the first 2 4 hand approached a maximum by 6-8 h. As found by MCEWEN and GRAFSTEIN (1968), there was never a corresponding left to right difference in TCA-soluble counts ( Fig. 1) . We attempted to reduce the proportion of label in the right tectum by injecting a 'chase' dose of 34 pmol of unlabelled leucine intraperitoneally, 15 min after [3H]leucine was injected intraocularly. There was some increase in the fraction of the label appearing on the left side (Fig. 2) . However, the advantage tended to be offset by the decrease in absolute levels of incorporation, as compared with that illustrated in Fig. 1 .
Studies with other mino acids. In a further attempt to increase the specificity of labelling of the rapidly transported proteins, 0.2-0.5 nmol of 19 different tritiated amino acids were injected into the right eye, and tectal labelling was measured 6 h later. Three groups of five pooled tecta were used for each amino acid. A summary of the results appears in Table 1 . Although similar absolute amounts of the amino acids were injected, the differences in specific radioactivities resulted in injection of varying amounts of radioactivity. The labelling specficity is thus expressed as the dimensionless quotient L/R. An indication of the relative efficiency of labelling by the various amino acids is given in the expression (L/R)/pCi injected. Amino acids are listed (Table 1) in the order of decreasing specificity in labelling the left tectum. Aspartic acid in the amounts injected (0.6 pCi; 0.28 nmol) gave too few counts to measure by our procedures. Labelled glutamine with high specific activity was not available. The other amino acids differed considerably in both the specificity of labelling and in the efficiency of incorporation. At the concentrations used, proline and asparagine appeared to be the most favourable in both respects. TCA-soluble radioactivity was also examined and did not differ measurably between left and right tecta in all cases except for proline (see below). Kinetics of transport of protein labelled with proline and asparagine. A study of the time courses for tectal labelling with ['Hlprolioe and ['Hlasparagine (Fig. 3) showed that there was a delay of 2 4 h in the arrival of labelled transported protein and a subsequent rapid accumulation in the next 4-5 h. In dramatic contrast to the experiments with ['H]leucine, the specific radioactivity of the right tectum remained low at all times and L/R values of 15-30 were found. The apparent dip in the specific radioactivity of the left tectum at about 9 h was commonly seen in these experiments, but its validity was not established. In contrast to other amino acids, the use of proline resulted in a left-right difference in TCA-soluble radioactivity (Fig. 4) . The difference in TCA-soluble radioactivity was much lower and developed slightly later than the difference in protein radioactivity. of protein radioactivity. When the TCA-soluble fraction of the left tectum was extracted with ether, concentrated, and chromatographed on a thin layer plate of silicagel G , 60 per cent of the radioactivity migrated with free proline. The movement of labelled protein in the optic nerve was also studied. Individual fish were injected in the right eye with 1.8 pCi of [3H]proline (8 Ci/mmol) and the portion of the right optic nerve between the base of the eye and the optic chiasm was removed at various times and the protein analysed for radioactivity (Fig. 5) . A peak of radioactive protein passed through the nerve prior to the arrival of radioactivity in the tectum. The radioactive protein apparently did not enter the anterior portion of the nerve until about 2 h after injection.
E' ect of temperature. To examine systematically the effect of temperature on protein labelling and transport, groups of fish were kept at lo", 16" or 23°C for 2 days, then injected with [3H]proline. Both the extent of labelling and the time of amval of transported protein in the tectum were highly dependent on the temperature of the fish (Fig. 6 ). 
Subcellular distribution of rapidly transported protein.
Tectal homogenates were subfractionated as described under Methods and fractions were assayed for chemical and enqmic markers ( Table 2 ). The data confirmed the expected composition of the various fractions. The crude nuclear and microsomal fractions were enriched in DNA and RNA respectively. The synaptosomes were rich in acetylcholinesterase and the purified mitochondria had the highest specific activity of suminate-INTreductase. Of the crude mitochondrial subfractions, only the myelin showed detectable amounts of cerebroside. The distribution of radioactive protein in subcellular fractions of [3H]prolinelabelled tecta (8 h after injection) is summarized in Fig. 7 . Since the results have been plotted as d.p.m. per mg of protein as a function of mg of protein, the area of each rectangle is proportional to the total radioactivity in that fraction. Right tectal labelling remained relatively minor for all fractions. The rapidly transported protein appeared to be mainly affiliated with particulate material. Nuclei that were further purified by centrifugation through 2 M-SUCrOSe (see Methods) had a specific radioactivity of 1-2 d.p.m. per pg, or roughly one-third of that of the crude nuclear fraction. The synaptosomal, myelin and mitochondrial subfractions were all extensively labelled. The specific radioactivity of the myelin subfraction was unaltered by washing twice with distilled water and resedimentation on 0.8 M-sucrose. To test the possibility that a significant fraction of the transported protein might be proteolipid, the prolinelabelled homogenate was mixed with 19 vol. of chloroform-methanol (2: 1, v/v) and filtered. Only 3 per cent of the initial radioactivity was recovered in the filtrate containing proteolipid. The purity of the mitochondria1 fraction was assessed by recentrifugation (SW-40 rotor, 130,000 g for 1 h) on a 0.8-2-0 M linear sucrose gradient. Comigration of succinate-INT-reductase activity, absorbance at 280 nrn and radioactivity as a single band provided further evidence that the mitochondria were labelled. The microsomal fraction exhibited both the highest specific radioactivity and the greatest percentage of the total radioactivity of all the fractions examined. When the microsomal fraction was lysed with deoxycholate and separated into ribosomal and membrane fractions on a 1540 per cent (w/v) linear sucrose gradient, essentially all of the radioactivity migrated with the membranes. Refractionation of labelled subcellular protein. The possibility existed that the radioactivity found in particulate fractions such as myelin, microsomes and mitochondna might be attributable to protein(s) of high specific radioactivity which were normally soluble in uiuo, but which were bound to these particles under the conditions of homogenization. To test this possibility, 1.3 mg of labelled, soluble protein were added to 14 mg of unlabelled homogenate and the mixture was refractionated as described in Methods. The radioactivity was distributed as follows: nuclear fraction, 3-3 per cent; crude mitochondria1 fraction, 2 per cent; microsomes, 9.1 per cent; supernatant, 85.6 per cent. Alternatively, there might be proteins which were normally particulate, but which underwent extensive exchange with other particles during homogenization. To gain some insight into this question with regard to mitochondria, portions of isolated labelled fractions were each added to 14 mg of unlabelled homogenate and refractionated. Labelled myelin (0.35 mg), synaptosomes (0.60 mg) and microsomes (0.63 mg) contributed respectively 2, 2.7, and 0.7 per cent of their redistributed radioactivity to the mitochondrial fraction.
Localization of radioactivity in labelledprotein. Samples of labelled protein isolated from the left tectum were hydrolysed and chromatographed as described under Methods. With 13H]asparagine as precursor, 65 per cent of the recovered activity migrated as aspartic acid (derived from aspartic acid and asparagine). With [3H] proline as the precursor, > 90 per cent of the recovered radioactivity comigrated with free proline.
DISCUSSION
The results obtained with injection of [3H]leucine (Fig. 1) are similar to those reported by MCEWEN and GRAFSTEIN (1968) . Possible decreases in activity at later times, suggested by the data in Fig. 1 , were not borne out in other experiments with leucine involving long time intervals, or with the other amino acids shown in Fig. 3 . Analysis of the total tectal radioactivity used in these experiments permits study of the rapidly transported protein for several days after injection, after which results are complicated by the arrival of the slowly transported proteins. The similarity in the amounts of left and right-TCA-soluble radioactivities supports the conclusion that transport of protein and not transport of free leucine and its subsequent local incorporation accounts for the higher degree of labelling of the left tectum. The labelling in the right tectum is presumably due to incorporation of ['Hlleucine brought to the brain via the blood. Such labelling must occur on the left side to an equal extent, so that to measure transported radioactivity we calculated the difference, L (d.p.m./pg protein) -R (d.p.m./pg protein). In the experiment shown in Fig. 1 , this correction was very large, with roughly 50 per cent of the left tectal radioactivity representing non-transported protein.
Clearly, for purposes of further characterization of the rapidly transported protein it is desirable to decrease such background labelling. One means of accomplishing this is to introduce a physiological 'chase' of unlabelled leucine a short time after the intraocular injection of ["Hlleucine (Fig. 2) . Alternatively, MCEWEN and GRAFSTEIN (1968) were able to achieve a similar augmentation in the left-right difference by an intracranial injection of acetoxycycloheximide, an inhibitor of protein synthesis.
A superior method for specifically labelling the transported protein is the use of different amino acid precursors ( Table 1) . For most purposes the use of either ["HI proline or [3H]asparagine (Fig. 3) allows the study of protein transport in the optic tectum with negligible correction for background labelling. Both amino acids are incorporated into transported protein more efficiently than leucine and both enter the right tectal (non-transported) protein less eficiently than leucine ( Table 1) . 13H]-Proline enters left tectal protein as proline and [3H]asparagine enters largely as asparagine and/or aspartic acid. The low efficiency of right tectal incorporation with proline may reflect the fact that only one-fifth as much of the injected radioactive proline enters the TCA-soluble fraction of the right tectum compared with the labelled leucine. This difference might reflect metabolism of proline after it leaves the eye or its dilution with a large systemic pool of proline. In contrast, the fraction of injected radioactivity from asparagine reaching the TCA-soluble fraction of the right tectum is roughly comparable to that seen with labelled leucine, but only one-third as much of this radioactivity derived from asparagine is incorporated into protein.
The left-right differences in TCA-soluble fractions of tectum labelled with ['HIproline are not seen with other amino acids. Since the absolute amounts of radioactivity are very small, and since the difference in TCA-soluble radioactivity develops somewhat later than the appearance of radioactivity in protein in the left tectum, it is unlikely that the TCA-soluble material is precursor to more than a minor fraction of the protein radioactivity of the left tectum. In the proline experiments, most of the TCA-soluble radioactivity of the left tectum was free proline. It may arise from breakdown of some of the newly arrived protein or perhaps reflect transport of small amounts of free proline. The possibility of breakdown is intriguing in view of the frequently observed dip in specific radioactivity of left tectal protein about the time the left tectal acid-soluble radioactivity from proline is increasing.
In kinetic studies with proline, asparagine, and leucine (Figs. 1-3) , the rapidly transported protein accumulated in the tectum over a shorter and more discrete time interval than that indicated in the study by MCEWEN and GRAFSTEIN (1968) . This difference may reflect the use of additional early time-points in the present study, a procedure which revealed the presence of a 3-4 h delay in the arrival of any of the transported protein. This delay indicates that proteins are moving at similar rates with no significant subpopulation of very rapid transport. Since it takes 3 4 h for protein to traverse the 6 mm of optic nerve in our goldfish, the apparent rate of transport is 40-50 mm per day. However, since the experiment shown in Fig. 5 indicates that 1-2 h is required for the transported protein to enter the anterior half of the nerve, the rate of transport within the nerve per se may be closer to 70-100 mm per day. These estimates of transport rates are for fish stored at 18-20'C. At lower temperatures the amval of protein in the tectum is greatly delayed (Fig. 6) . Apparently acclimated fish do not restore the higher rates of transport, since fish that were kept at 10°C for 15 days showed the same delay in transport as that seen after 2 days at 10°C. If the rate of transport at 10°C is one-third to one-half of the rate at 23"C, the corresponding rate at 37°C would in theory approach the rate of several hundred mm per day that has been observed in mammalian nerve (LASEK, 1968; OCHS, SABRI and JOHNSON, 1969; SJOSTRAND, 1969; L m e t d . , 1968). In the fish, absolute levels ofisotope incorporation are also temperature-dependent (Fig. 6) . Thus one way to increase the amount of radioactivity available for analysis from a given injected dose is to use fish stored at relatively high temperatures.
Several studies on axonal transport have led to the conclusion that rapidlytransported protein is very likely highly particulate (SJOSTRAND and KARLSSON, 1969;  MCEWEN and GRAFSTEIN, 1968; OCHS et al., 1969) . Radioautographic evidence (GRAFSTEIN, 1967) indicates that only the optic (presynaptic) nerve ending layers of the tectum are labelled with rapidly transported protein. Any homogenate or subcellular fraction of whole tectum will therefore be derived from a mixing of labelled and unlabelled tectal areas. The distribution of total radioactivity in various fractions must reflect the distribution of transported protein, but the specific radioactivity of a given fraction is in addition influenced by the composition of the entire tectum. Synaptosoma1 contents are likely to be released during homogenization either by rupture or by leakage during their formation. As a consequence, labelled synaptosome-derived material might be found in other fractions.
In the present study, only about 20 per cent of the radioactivity found in tectal protein was soluble (Fig. 7) . The rest was widely distributed among the particulate subcellular fractions including, as expected, synaptosomes. Although both the crude nuclear and the crude microsomal fractions were extensively labelled, purified nuclei and ribosomes showed only low levels of radioactivity. Since these structures are absent presynaptically, these findings support the radioautographic evidence that there is little or no trans-synaptic migration of rapidly transported protein.
Since the labelling of the free mitochondria1 fraction (Fig. 7) does not appear to represent non-specific binding of proteins from other fractions, as indicated by experiments in which labelled fractions were added back to unlabelled homogenates, and since postsynaptic mitochondria are not likely to be labelled, we presume that this radioactivity is in mitochondria released from nerve endings damaged during homogenization. This suggests that there is rapid transport of mitochondria or of proteins which are selectively associated with mitochondria in nerve terminals. BARONDES (1966) observed both slow and rapid labelling of synaptosomal mitochondria from mouse brain but attributed the substantial degree of rapid labelling to contamination and/or the incorporation of precursor ([3H]leucine) in the nerve endings. In our studies with [3H]proline in fish, neither of these factors appears to account for the rapid labelling. It remains possible that some additional mitochondria migrate slowly ( WEISS and PILLAI, 1965; BARONDES, 1966) .
The finding that labelling of the myelin fraction is not diminished by hypotonic washes raises the question of whether some myelin protein might be of neural origin. The observation of large amounts of radioactivity in the microsomal fraction is consistent with results of studies on rapid axonal transport in other animals (OCHS et al., 1969; SJOSTRAND and KARLSSON, 1969; SJOSTRAND, 1970). After recentrifugation on a continuous sucrose gradient, much of the radioactivity is localized in the region of 0.8-1.0 M-sucrose, a behaviour suggestive of the presence of small synaptosomes, synaptosoma1 ghosts or damaged synaptosomes (WHITTAKER, MICHAELSON and KIRKLAND, Much remains to be learned about the metabolism of rapidly transported protein.
The fact that its life-time in the tecturn can be measured in weeks or perhaps even months (GRAFSTEIN and MCEWEN, 1968) indicates that the amount of protein trans-1964).
ported per day at the rapid rate must be small. Estimates based on the proline incorporation data (Fig. 3) appear to confirm this. If the concentration of free proline in the eye is similar to that of the brain (0.25 pmollg; LIM and AGRANOFF, 1969), and if the volume of the eye is about 30 pl, then the injected amount of proline would be diluted 25-fold by the endogenous pool in the eye. If one accepts this assumption and that proline residues represent about 5 per cent of the total amino acids in transported protein, and that labeling in the eye is complete within 1 h, then the 0-12 per cent of the injected isotope which enters rapidly transported protein will represent the transport of 9.0 pmol of proline, or 180 pmol of amino acids per hour. This corresponds to the addition of less than 0.5 pg of protein per day to a tectum containing 50-100 pg of protein in the nerve ending layer for the optic nerve (if the percentage of tectal protein is roughly proportional to the percentage of the tectal cross-sectional area represented by the nerve ending layer.)
The rapid transport of proteins of slow turn-over may in large part represent the systematic replacement of metabolites, macromolecules and organelles which are slowly degraded during the normal functioning of the synapse. The fact that they are rapidly transported may reflect a cellular economy that minimizes the time between synthesis in the perikaryon and utilization at the nerve ending. In addition to such a maintenance role, there is the real possibility that certain of the rapidly moving proteins are involved in metabolic response to physiological or environmental events.
